ABSTRACT: Recently, we utilized the optical properties of gold nanoparticles (AuNPs) for plasmonically enhanced Rayleigh scattering imaging spectroscopy (PERSIS), a new technique that enabled the direct observation of AuNP localization. In this study, we employ PERSIS by using AuNPs as light-scattering probes to compare the relative efficacy of three chemotherapeutic drugs on human oral squamous carcinoma cells. Although the drugs induced apoptotic cell death through differing mechanisms, morphological changes including cell membrane blebbing and shrinkage, accompanied by an increase in white light scattering, were visually evident. By utilizing the AuNPs to increase the cells' inherent Rayleigh scattering, we have obtained the time profile of cell death from the anticancer drugs using a single sample of cells in real time, using inexpensive equipment available in any lab. From this time profile, we calculated cell death enhancement factors to compare the relative efficacies of the different drugs using our technique, which corresponded to those calculated from the commonly used XTT cell viability assay. Although this technique does not impart molecular insights into cell death, the ability to quantitatively correlate cell death to morphological changes suggests the potential use of this technique for the rapid screening of drug analogues to determine the most effective structure against a disease or cell line.
P lasmonic nanoparticles have been heavily utilized in the biomedical field due to their small size and unique physical, optical, and chemical properties. 1−4 In particular, the plasmonically enhanced scattering of gold nanoparticles (AuNPs) has been used in cellular imaging applications to differentiate cancerous from noncancerous cells 5 and in surfaceenhanced Raman spectroscopy to observe the molecular dynamics of apoptosis 6 and to detect biomarkers in complex physiological environments. 7 We recently developed a new technique, plasmonically enhanced Rayleigh scattering imaging spectroscopy (PERSIS), which enabled cellular imaging and the observation of AuNP localization. The AuNP localization caused a change in the intensity and the wavelength of light scattered by the nanoparticles as they came into close proximity. 8 Here, we utilize this technique, specifically the change in scattering intensity, to study the relative efficacy of three anticancer drugs (cisplatin, camptothecin, and 5-fluorouracil (5-FU)) in human oral squamous carcinoma (HSC-3) cells. This technique is validated against a commercially available XTT cell viability assay.
Normal progression through the cell cycle plays a critical role in the health and proliferation of living cells. Perturbations in this cycle can cause the loss of essential cellular functions or unwanted mutations, necessitating safeguards such as apoptosis, which results in the programmed death of cells that have mutated (i.e., become malignant) or lost vital functions. 9 Not surprisingly, many anticancer drugs attempt to induce apoptosis in these malignancies, often by disrupting DNA synthesis or replication. 10−12 However, the precise mechanism of action differs between drugs, leading to fluctuations in efficacy based on the cells' current phase in their replication cycles. For example, camptothecin inhibits DNA topoisomerase I, making it most effective during the S-phase, 13 whereas cisplatin forms DNA cross-link adducts leading to increased cellular sensitivity in the G1-phase, 14 and 5-FU blocks DNA synthesis by inhibiting thymidylate synthase and incorporation into RNA, causing G1/S-phase arrest. 15 Despite the differing mechanisms of action for these drugs, the morphological characteristics of apoptotic cell death are retained, specifically cell shrinkage, membrane blebbing, and enhanced white light scattering due to the aggregation of cellular components. 12 To monitor the light scattering and morphology of treated cells, AuNPs were used as light-scattering probes to enhance the cells' inherent Rayleigh scattering. PERSIS experiments were conducted in a live-cell chamber ( Figure 1A ) to obtain both Rayleigh scattering dark-field images and Rayleigh scattering spectra from single cells incubated with AuNPs. The temporal effect of drug treatment was monitored via changes in the scattering spectra following drug administration. We have previously shown that the surface chemistry of AuNPs dictates their localization within cells and, consequently, is responsible for their observed strong light-scattering properties. 8 Thus, we used nuclear-targeted AuNPs (NT-AuNPs, Figure S1 , Supporting Information) for their greater lightscattering abilities. Citrate-capped AuNPs were synthesized, and their surfaces were modified to contain polyethylene glycol (PEG) to increase biocompatibility and prevent nonspecific interactions under physiological conditions. 16, 17 After PEGylation, arginine-glycine-aspartic acid (RGD) and nuclear localizing sequence (NLS) peptides were bioconjugated to the AuNPs' surfaces ( Figure 1B) . RGD was used to increase nanoparticle endocytosis by targeting αβ integrins on the cell membrane, 18, 19 while NLS was used to selectively target the AuNPs at the cell nuclei 20, 21 and to increase scattering by localizing the plasmonic nanoparticles. HSC-3 cells were chosen as the model cell line due to the overexpression of αvβ6 integrins on their membrane. 22 To validate our technique, we calculated the time required to reach a half-maximal increase in scattering intensity, which is indicative of apoptosis. The relative drug efficacies obtained using our technique compared favorably to those obtained using the commercial XTT cell viability assay.
Determining Nanoprobe Pretreatment. The life cycle of a dividing cell has been extensively characterized from the G1-phase, which includes cell growth and preparation for DNA replication in the forthcoming S-phase through the G2-phase, which comprises the preparation for mitosis and the birth of two daughter cells in the M-phase. 23 To effectively compare the relative efficacy of several anticancer drugs, the concentration of AuNP scattering probes must be chosen to enhance scattering without affecting normal cellular function (e.g., altering the cell cycle) or inducing cell death. Accordingly, flow cytommetry was used to evaluate the effect of AuNP pretreatment on the distribution of cells throughout various stages of the cell cycle. As shown in Figure S2 (Supporting Information), no significant changes were observed in the cell cycle upon treatment with low concentrations of NT-AuNPs (0.1 and 0.2 nM) relative to the untreated control cells. Thus, pretreatment with low concentrations of NT-AuNPs is not expected to affect anticancer drug treatment, allowing AuNPs to be used as scattering probes for the effective evaluation of relative drug efficacies. Both 0.1 and 0.2 nM NT-AuNPs gave similar scattering enhancement upon cell death (∼50%); therefore, 0.1 nM was used for the remaining experiments.
Drug Eff icacy via Cell Viability Assays. In order to assess the validity of our PERSIS technique to the current assay standard, the efficacies of three popular anticancer drugs, cisplatin, camptothecin, and 5-FU ( Figure 1C ), were first determined. Efficacy was expressed as the effective time needed to induce 50% cell death (ET 50 ) following treatment with the anticancer drugs. To mimic the conditions of the PERSIS experiments, cells were first pretreated with 0.1 nM NT-AuNPs in culture media for 24 h. The AuNP solutions were then replaced with 100 μM solutions of the anticancer drugs for the desired treatment times. We obtained the temporal response of cancer cell viability to anticancer drug treatment over 72 h using an XTT cell viability assay (Figure 2 ). These time profiles showed the enhanced efficacy of cisplatin (ET 50 = 16 ± 1 h) relative to camptothecin and 5-FU, which had ET 50 values of 52 ± 3 and 67 ± 2 h, respectively. For a simpler comparison between the drugs, we used the previously established cell death enhancement (CDE) factor, 24 which is defined as the ratio of the ET 50 values of camptothecin or 5-FU relative to cisplatin. Using the ET 50 values extracted from the curve fits of the cell death time profiles in Figure 2 , CDE factors were calculated to be 3.3 for camptothecin and 4.2 for 5-FU. Additionally, treatment with NT-AuNPs alone did not induce any significant cell death (Figure 2 ), further indicating that the low concentration of AuNPs served only to enhance Rayleigh scattering from the cells, allowing for greater differentiation between dead cells and living cells, without affecting cellular function or drug treatment.
Drug Ef ficacy via PERSIS Technique. To compare drug efficacies using our PERSIS technique, cells were pretreated with 0.10 nM NT-AuNPs for 24 h to enhance their Rayleigh scattering. The AuNP solutions were then replaced with 100 μM solutions of the anticancer drugs, and cellular morphology and light scattering were monitored from 10 different cells for 24 h via Rayleigh scattering spectra ( Figure 3 ) and dark-field images (Movies S1−S4, Supporting Information). After drug administration, the Rayleigh scattering spectra initially remained constant but increased over time as cell death progressed. As seen in Figure 3 , cisplatin induced the quickest increase in Rayleigh scattering, while 5-FU treatment displayed the slowest scattering increase. These trends correlate well with that previously observed using XTT cell viability assays. Complete cell death was signified when the spectra remained constant and changes were no longer observed. Dark-field images were also taken and combined into movies for the control cells that did not receive drug treatment (Movie S1, Supporting Information), and cells treated with cisplatin, camptothecin, and 5-FU (Movies S2−S4, Supporting Information, respectively), which allowed the cell death to be observed visually. Upon drug treatment, the initially viable cells were seen to first shrink and lose mobility, indicative of apoptosis, 12 and then showed a large increase in light scattering due to having more nanoparticles in close proximity. 25, 26 Thus, the number of nanoparticles with optimal interparticle separation distances increased within the shrunken cells, resulting in greater scattering intensities. Eventually, the cell morphology remained constant, and the treated cells ceased all movement. It should be noted that the number of visible cells decreased as some of the dead cells floated off of the culture dish and out of the focal plane of the microscope. HSC-3 cells that did not receive anticancer drug treatment did not exhibit these visual changes and were seen to increase in number due to cell cycle proliferation.
To quantitatively compare the relative efficacy of the anticancer drugs using the PERSIS technique, the time profile of cell death was obtained to correlate the observed visual changes and increased light scattering to the biochemically determined cell death parameters. The Rayleigh scattering spectra in Figure 3 were integrated to obtain the total scattering intensity. These intensities, shown in Figure 4 , were plotted temporally to obtain a time profile of cell death based on the increased light scattering from the cells upon drug treatment. The plasmonically enhanced Rayleigh scattering was found to initially remain constant for all of the samples, before a large increase due to cell death. However, the scattering profiles changed at different rates, which correlated with the differences observed in the ET 50 values obtained using the XTT cell viability assay. Additionally, NT-AuNP incubated cells that were not treated with anticancer drugs did not display any significant changes in scattering over 24 h, as seen in Figure S3 (Supporting Information). To effectively compare these changes, scattering half-times, defined as the time required to achieve the half-maximal increase in scattering intensity, were calculated for each drug (details in the Supporting Information). Cisplatin had the fastest scattering half-time of 2.9 ± 0.2 h, followed by camptothecin and 5-FU with scattering half-times of 8.6 ± 1.6 and 12 ± 0.8 h, respectively (Figure 4 ). These scattering half-times are again similar to the trends observed from the biochemically determined drug efficacies (Figure 2 ). To directly compare drug efficacies as well as compare our PERSIS technique with traditional cell viability assays, we calculated CDE factors for the anticancer drugs using the ratio between the scattering half-times of camptothecin or 5-FU relative to cisplatin. As shown in Table 1 , the CDE factors for camptothecin (3.0) and 5-FU (4.1) calculated using the PERSIS technique compared favorably to those obtained using the XTT cell viability assay (3.3 and 4.2, respectively), indicating the ability of PERSIS to accurately assess drug efficacy. Moreover, the PERSIS technique, including nanoparticle pretreatment, decreased the time required to obtain ET 50 values by 24 h.
In conclusion, we have demonstrated the accuracy of our PERSIS technique for determining relative drug efficacies using NT-AuNPs as scattering enhancement probes. The model cell line, HSC-3, was pretreated with a low concentration of AuNPs to enhance their Rayleigh scattering without affecting normal cellular function or inducing cell death. The relative drug efficacies obtained with our technique correspond favorably to those obtained using a standard cell viability assay. The PERSIS technique presents a novel system for studying the effects of drug treatment based on the morphological changes and increase in scattered light observed upon cell death. This represents a continuous assay capable of monitoring a single sample of living cells in real time, without the need for expensive instrumentation. Furthermore, this home-built system has the potential to be engineered into a multicomponent assay capable of screening multiple samples simultaneously, which could allow for the rapid comparison of various drugs, or drug analogues, against a particular disease or cell line.
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